Habitat loss is one of the key drivers of the ongoing decline of biodiversity. However, ecologists still argue about how fragmentation of habitat (independent of habitat loss) affects species richness. The recently proposed habitat amount hypothesis posits that species richness only depends on the total amount of habitat in a local landscape. On the other hand, different empirical studies report contrasting patterns: some find positive and others negative effects of fragmentation per se on species richness.
Introduction
Degradation and loss of natural habitat due to anthropogenic modification and climate change is a key factor contributing to the ongoing sixth extinction event (Tilman et al., 1994; Fahrig, 2003; Thomas et al., 2004; Kuussaari et al., 2009; Pereira et al., 2010; Butchart et al., 2010; Pimm et al., 2014) . Habitat loss (reduction of area with suitable habitat) goes hand in hand with habitat fragmentation (division of the habitat into several parts), where the former is a process causing the latter landscape pattern (Fahrig, 2003; Ewers and Didham, 2005; Wilson et al., 2016) . While the decline of biodiversity due to habitat loss is uncontested, the effect of habitat fragmentation per se on species richness has been much debated over the past decades (Fahrig, 2003; Ewers and Didham, 2005; Didham et al., 2012; Fahrig, 2013; Hanski, 2015; Haddad et al., 2015; Fahrig, 2017) : given the same total amount of habitat, how does the spatial configuration of the habitat, that is, the locations, shapes, and sizes of habitat fragments, influence biodiversity?
Indeed, one of the key questions in conservation biology is whether protecting biodiversity is better achieved using a single large or several small (SLOSS) reserves (Diamond, 1975; Ewers and Didham, 2005) . For species that follow classical metapopulation dynamics (Hanski, 1999) , the effects of fragmentation and spatial configuration are well-understood from the theoretical perspective (Bascompte and Solé, 1996; Hanski and Ovaskainen, 2000; Ovaskainen, 2002; Hanski and Ovaskainen, 2003; Gilarranz and Bascompte, 2012; Grilli et al., 2015) : single species metapopulation theory predicts that increasing fragmentation is detrimental for species -although the response is not necessarily monotone (Ovaskainen, 2002) -assuming that no evolutionary responses take place; see Legrand et al. (2017) for a review of ecoevolutionary responses to habitat fragmentation. On the other hand, increasing connectivity in fragmented landscapes can increase synchrony in metapopulations, and consequently, lead to increased extinction risk (Kahilainen et al., 2018) .
However, many species do not necessary follow metapopulation dynamics or the scale at which they do is limited. Moreover, the situation becomes much more muddled when considering species communities that comprise several interacting species. While increasing fragmentation is known to have largely negative effects for metapopulations, this does not necessarily hold for metacommunities of several species. Indeed, while some species (e.g. habitat specialists) may suffer from fragmentation, others may benefit from it (e.g. generalists and edge species) (Henle et al., 2004) . Various theoretical models of multispecies communities and empirical evidence suggests that different spatial configurations of the habitat can have both negative and positive effects on species richness (Tilman et al., 1997; Hanski, 2015; Haddad et al., 2015; Fahrig, 2017; Thompson et al., 2017; Haddad et al., 2017) depending on the species' traits together with properties and structure of the landscape (e.g. degree of spatial autocorrelation in habitat types). Nevertheless, current theory still suggests that fragmentation (per se) tends to increase extinctions in predator-prey metapopulations and competitive metacommunities (Tilman et al., 1997) .
In a recent meta-analysis of empirical fragmentation studies, Fahrig (2017) concluded that the most significant ecological responses to habitat fragmentation were positive instead of negative. The positive effects of fragmentation have been attributed to numerous causes including -but not limited to -increase in functional connectivity, diversity of habitat types, persistence of predator-prey systems and decrease in intra-and interspecific competition.
In contrast, some studies have reported negative effects including increased risk of extinction due to reduced genetic diversity, environmental and demographic stochasticity in small patches (Ewers and Didham, 2005) . Various edge effects have been proposed to have both positive and negative effects (Ewers and Didham, 2005; Fahrig, 2017) depending on the species traits. Furthermore, fragmentation may alter species interactions and community composition, as invasive or pest species may replace the original species pool, increase the transmission and prevalence of disease in small fragments, and the effects of fragmentation can be confounded by the associated time lags (Ewers and Didham, 2005; Haddad et al., 2015) . Thus, the effects of fragmentation on species communities remain far from well-understood. Recently, Fahrig (2013) has proposed the habitat amount hypothesis, which postulates that the species richness is best explained by the sample area effect: large areas of habitat tend to support more individuals, and hence, more species (Rosenzweig, 1995) . The hypothesis posits that what truly matters is the total amount of habitat in a local landscape independent of its spatial configuration at the "appropriate spatial extent of the local landscape" (Fahrig, 2013) . Namely, the hypothesis makes the following predictions:
The habitat amount hypothesis
• Prediction 1: Given equal-sized sample sites, species richness increases with total amount of habitat in the "local landscape" of the sample site.
• Prediction 2: Species richness is independent of the particular patch in which the sample site is located (except with contribution of the patch area to the total area at local landscape). Fahrig (2013 Fahrig ( , 2015 has called for a research program to test the hypothesis, and subsequently, the hypothesis has received considerable attention. For example, Haddad et al. (2017) reported that empirical evidence from fragmentation experiments on plant and micro-arthropod communities does not support the hypothesis, but in contrast Arnillas et al. (2017) found that fragmentation may indeed have positive effect on species richness -at least on the short-term -and De Camargo et al. (2018) report that for birds there is no detectable response to fragmentation at the landscape level, but do not rule out the possibility that fragmentation matters at smaller scalers.
In general, it still remains unclear which species and landscape attributes lead to different responses to habitat fragmentation (Fahrig, 2017) . Indeed, the habitat amount hypothesis has been strongly criticised due to lack of an underlying mechanistic explanation, which would predict what is the appropriate spatial extent of the local landscape and how species interactions and community structure affects the species richness (Hanski, 2015) . Simulation studies have suggested that the appropriate landscape scale for the hypothesis is an order of magnitude (e.g. 4-9 times) higher than the dispersal scale of species (Jackson and Fahrig, 2012; Fahrig, 2013) .
In this work, we set out to make better understanding of the effects of fragmentation in competitive communities. In particular, we investigate the habitat amount hypothesis under different landscape and community properties using a spatially-explicit, individual-based community model. Using our model, we assess Predictions (1)-(2) using the tests proposed by Fahrig (2013).
Prior work on metacommunity models
We focus on species dynamics at the landscape level in fragmented environments, that is, metacommunity dynamics. While a metapopulation is a collection of populations (of a single species) that reside in discrete patches connected by dispersal, the metacommunity concept is its multispecies analogue (Hanski, 1999) : patches are inhabited by several (possibly interacting) species and the metacommunity dynamics are governed by various coexistence processes (Leibold et al., 2004) . Typically, theoretical studies on metacommunities have generalised patch-based metapopulation models into multispecies models with discrete patches in both spatially-implicit (Tilman et al., 1994; Wang and Loreau, 2016) and spatially-explicit models Matias et al., 2014; Thompson et al., 2014; Fournier et al., 2016; Thompson et al., 2017) . The interspecies interactions are typically competitive (e.g. competition on space or a shared limiting resource) (Tilman et al., 1994; Wang and Loreau, 2016; Matias et al., 2014; Thompson et al., 2014; Fournier et al., 2016; Thompson et al., 2017) , but also mutualistic (e.g. plant-pollinator systems) (Klausmeier, 2001; Prakash and de Roos, 2004; Fortuna and Bascompte, 2006) and trophic interactions (Pillai et al., 2010) have been considered.
A relatively large proportion of the theoretical work on metacommunities has focused on understanding how e.g. coexistence mechanisms and dispersal maintain species diversity and stability (Lehman and Tilman, 2000; Gravel et al., 2006; Logue et al., 2011; Haegeman and Loreau, 2014; Wang and Loreau, 2016; . While less common, models have also been used to investigate how landscape structure, habitat loss and fragmentation influence species richness in metacommunities (Tilman et al., 1997; Prakash and de Roos, 2004; Matias et al., 2014; Thompson et al., 2014 Thompson et al., , 2017 Xu et al., 2018) .
As usual, these models make various assumptions for the sake of tractability: some completely ignore species interactions and rely on species-sorting mechanisms , limit to only pairs of interacting species (Klausmeier, 2001) , ignore spatial heterogeneity, assume patch-based metapopulation dynamics (Tilman et al., 1997; Prakash and de Roos, 2004; Matias et al., 2014) or lack demographic and/or environmental stochasticity by employing deterministic, continuous-valued dynamics (Thompson et al., 2014 ).
Contributions of this work
Our main contributions are summarised as follows:
• We develop a individual-based, spatially-explicit model of competitive species communities in spatiotemporally varying landscapes. Our model is mechanistic and relaxes many assumptions made in prior models. For example, we do not assume that the species follow metapopulation dynamics or that the habitat consists of discrete patches. Instead, we keep track of individuals who follow stochastic birth-death dynamics in a continuous landscape. Intra-and interspecific competition is achieved via resource-consumer dynamics. The model is extensible and the source code is freely available online * ; thus, it can be used to investigate also other spatial aspects of species interactions in community dynamics.
• We investigate the habitat amount hypothesis following the test criteria laid out by Fahrig (2013). Using our model, we examine how habitat fragmentation per se influences the species richness in competitive species communities. Our model indicates that fragmentation can have positive effects on species diversity of competitive habitat specialists if the total amount of habitat in a landscape is large. However, when the total amount of habitat is small, fragmentation yields negative effects. Furthermore, we observe that fragmentation has the same qualitative effect on both species that are sessile after dispersal and non-sessile species that actively navigate in the landscape in order to find suitable habitat.
• We show that different analyses of fragmentation effects may lead to apparently contradictory results. For example, depending on the quality of matrix, species-area relationships may show positive effects at the landscape level, while SLOSS-type analysis indicates negative effects. This suggests that caution is needed when interpreting whether data shows that fragmentation has positive or negative effects on species richness of habitat specialists.
Model and methods

Spatially-explicit community model
We devise an individual-based community model in continuous time and continuous two-dimensional, spatiotemporally heterogeneous landscapes, where the growth of all species is governed by one or more limiting resources. Our model contains three basic entity types: resource patches, resource particles, and individuals of (each) species. The resource patches produce resource particles into their neighbourhood, and the individuals of the species consume these resource particles. Thus, we obtain intra-and interspecific resource competition yielding density-dependent population growth. The species convert the resources into offspring and all individuals follow birth-death dynamics. * Online supplementary material: https://bitbucket.org/jrybicki/habitat-fragmentation
We first define the model dynamics in a pristine landscape without habitat loss. After this, we discuss ways how to include habitat loss and fragmentation into our model. For brevity, we describe the model in the context of a single species consuming a single resource type, but the model is straightforward to generalise to multiple species and resource types.
Model structure. Formally, our model is a spatiotemporal point process, or in the mathematical terminology, a Markov evolution in the space of locally finite configurations (see e.g. Ovaskainen et al., 2014) . The state of a model at any given time is given by the spatial location of each individual of each type. The dynamics of the model can be described by listing all events that can take place and the rates at which these events occur. These rates can depend on the current spatial configuration of all individuals (e.g. individuals can only consume resources that are within their proximity). The proximity-dependence is described via kernels, that is, functions that tell at which rate two particles at locations x = (x 1 , x 2 ) and y = ( y 1 , y 2 ) react depending on their Euclidean distance dist(x, y). A kernel K(x, y) = r · f (x, y) is defined in terms of a total rate parameter r and a density function f , which describes how the total rate r is distributed accross the space.
We use two types of kernels. A tophat kernel K with length scale and total rate r is defined as
otherwise.
A Gaussian kernel K with length scale and total rate r is given by
where A(r) = r/(2π 2 ) is a normalisation constant such that K integrates to the value r. In the following, we write (K) and r(K) to denote the length scale and total rate of kernel K of either type.
Patch dynamics. To obtain spatiotemporal variation in resource production rate, we assume that the resource patches follow birth-death dynamics independent of the species. The patch birth-death dynamics are described by the following processes β − → P new patches appear at per unit area rate β, P γ − → patches disappear at per capita rate γ, where denotes "no particle" (i.e. birth of patches does not depend on any entity and the death of a patch simply removes the patch but not the resources it has produced). We assume that the resource patches are circular (but may overlap) and that a resource patch located at x produces abiotic resource particles to its surroundings according to the resource generation kernel G. Resource particles that are left unconsumed by the species decay and disappear with constant rate. Thus, we have the following processes: where in the first reaction, the location of a new particle is randomly sampled according to the density function f of the kernel G(x, y) = r · f (x, y). Note that we can control the spatiotemporal properties of the landscape's habitat quality by varying the per unit area density ρ = β/γ of habitat patches, the patch turnover rate γ, the resource production rate r = r(G), and the radius (G) of the patches. First panel of Figure 1 depicts an example snapshot of the resulting habitat structure.
Species dynamics.
The species follow birth-death dynamics and individuals have two states. Newborn individuals start out in the resource-deprived state, and upon consuming a resource particle, they become resource-satiated; for brevity, we refer to individuals in these states as deprived (D) and satiated (S), respectively. The satiated individuals produce new individuals into their surroundings: In addition to birth by resource-satiated individuals, we assume that there is a small background rate of influx immigration into the focal landscape:
Deterministic, non-spatial model. Before we proceed, let us briefly check that the above resourceconsumer model makes sense by considering the deterministic dynamics in a non-spatial setting, as this case is relatively simple to analyse (see Appendix A). In particular, a unique positive equilibrium of satiated individuals always exists if all rates are positive. In case α = 0, that is, when there is no immigration of individuals outside the focal landscape, the species goes extinct if the total resource production rate is not sufficiently high. More precisely, there exists an extinction threshold of
where G, B, U correspond to the total rates (i.e. integrals) of the respective kernels. Thus, the meanfield model already exhibits non-trivial single-species population dynamics. Now let us return to the stochastic, spatially-explicit and individual-based model with heterogeneous habitat structure.
Dispersal modes. We consider two modes of dispersal for the species:
• passive (one-shot) dispersal, where an individual does not move during its life time,
• active dispersal, where resource-deprived individuals move to find suitable habitat.
For passive dispersal, individuals only move when they are born according to the birth kernel B centered around their progenitor. In active dispersal, we include an additional movement process for resourced-deprived individuals:
The idea is that in the active mode of dispersal, resource-deprived individuals can make additional movements to move from a location lacking resources to a new location with resources. Once an individual finds resources and consumes them, it becomes resource-satiated and stops moving. We control the length of dispersal with the scale parameter δ and the mode of dispersal with an integer parameter k > 0. We set length scales of the Gaussian birth and movement kernels to (B) = (M ) = δ/ k and set the movement rate to r(M ) = (k − 1)µ. Passive dispersal corresponds to case k = 1, as no movement after birth occurs. In active dispersal, we have k > 1. Thus, species with passive dispersal are sessile, whereas species with active dispersal are not.
Note that regardless of the value k, the new location of an actively dispersing resource-deprived individual during its lifetime has the same mean and variance as a passive disperser assuming the individual does not become satiated at any point in its lifetime. If an individual remains resourcedeprived its entire lifetime, it's expected lifetime is 1/µ time units. This yields that the number of movement steps after birth is a Poisson random variable s with an expectation of r(M )/µ = k − 1. Hence, given the number of movement steps s (note that an individual always make a single movement step at birth), the total displacement is a random variable x = (x 1 , x 2 ) that satisfies
Thus, x i follows a compound Poisson distribution with mean 0 and variance δ 2 (i.e. same mean and variance as in the passive dispersal).
Habitat fragmentation. Above we have described the model in a pristine landscape with no habitat loss or fragmentation; while the habitat quality (resource production rate) can have patchy structure, the spatiotemporal dynamics of the resource patches guarantee that every location of the landscape has statistically the same properties over time.
We conduct our simulations in a finite landscape, and to avoid boundary effects, we assume it to be a two-dimensional torus ⊆ 2 of size L × L. In order to incorporate habitat loss and fragmentation into our model, we assume that the focal landscape is partitioned into N disjoint circular habitat fragments, where the habitat fragment i is centered at location x i , has radius r i , and therefore, contains all points in the set
i consists of the points that are not part of any habitat fragment. We generate fragmented landscapes where the patch sizes follow a log-normal distribution so that there are patches of various sizes. Given the total habitat cover C and number of fragments N , we sample the relative area of each fragment A i ∼ exp (µ, σ 2 ) with parameters µ = 1/2 and σ = 1 for every fragment i ∈ {1, . . . , N } and normalise the areas so that A i = C · L 2 .
The fragments are placed onto the landscape in a decreasing order in area and both coordinates of the fragment i are sampled uniformly at random from the interval [0, L], where L is the parameter controlling the size of the focal landscape. The coordinates of fragment i are resampled until there is no overlap with any fragment j < i to ensure that all fragments are disjoint. Figure 1 illustrates examples of fragmented landscapes for different values of C and N .
Effects of fragmentation. So far we have described how the fragmentation pattern is generated, but not how the pattern influences the system. We consider two different, extreme scenarios:
• Habitable matrix: Fragmentation only influences the resource production, but the species themselves are not (directly) affected by the matrix in any way. More precisely, resource particles can only establish within fragments, and to this end, Eq. ?? is modified so that a resource particle can only appear to location y if y / ∈ . Any resource particle that falls into the matrix is immediately destroyed. The fragment and matrix have no other direct effects.
• Hostile matrix: Fragmentation influences directly both the resource production and the species survival. In addition to the above constraint on resource production, we assume that the Figure 1 : Examples of fragmented landscapes with varying levels of fragmentation and habitat cover. The landscape is a torus (i.e. periodic boundaries). Green cirles are resource patches, which may overlap to create higher resource production rates at some areas (darker green). The filled gray circles represent habitat fragments within which resource patches follow stochastic birth-death dynamics, and within these circles, the gray area represents habitat (currently) without resource patches. The white areas represent the matrix, that is, area which has zero resource production rate.
species individuals cannot survive in the matrix. That is, any resource-deprived individual that immigrates or disperses into location y ∈ in the matrix is immediately killed. As satiated individuals do not move, it follows that satiated individuals can only reside within fragments.
The idea is that in the habitable matrix scenario makes minimal assumptions on effects of fragmentation, as it only affects how resource particles are generated. In particular, this scenario allows for edge effects to emerge (i.e. species can also survive in the matrix given close enough proximity to habitat fragments), whereas the hostile matrix scenario explicitly prevents this.
Simulation experiments
We simulated the model in a continuous torus landscape of size L × L with L = 100 (i.e. periodic boundary conditions) and S = 32 species all competing on the same limiting resource. Unless otherwise specified, the parameters are as in Table 1 . In addition to the intact landscape (N = 1 and C = 1.0), we considered landscapes with varying number N of fragments and the fraction C of total area covered by the fragments; see Figure 2 for examples of the emerging community patterns.
For each combination of number of patches N ∈ {1, 4, 16, 64, 256, 1024} and total habitat cover C ∈ {0.001, 0.005, 0.01, 0.02, 0.04, 0.08, 0.16, 0.32}, we ran R = 100 replicate landscapes yielding a From data (1) we carried out the SLOSS (single large or several small) analysis (Fahrig, 2013) , data (2) was used to plot SFAR (species fragmented-area relationship) curves , and data from (3) was used to test the sample size effect as proposed by Fahrig (2013) and to examine community composition. The respective analyses were performed as follows.
SLOSS analysis.
For the SLOSS curves, we sorted the fragments in both increasing and decreasing order and then plotted the cumulative number of species against the cumulative habitat amount. We then took the average of the cumulative species number S k and fraction of total habitat amount A k over all replicates, where
i andĀ i andS i denote the average area and species count of the ith fragment in the given sorted order (either decreasing or increasing in area).
SFAR curves.
For the SFAR curves, we plotted the average number of species S present in each simulated landscape. For every landscape with a total habitat cover of C and N fragments, we calculated the average number of species present in the entire landscape.
Testing the sample size effect. From the data (3), we calculated the average number of species as a function of the total habitat cover in the landscape and the area of the fragment in which the sample site was placed into.
Examining the community composition. To examine the community composition of species in a single replicate landscape, we computed β-diversity (community similarity) indices using data (3); we excluded landscapes with less than four sample sites. For each fixed-size sample site i, calculated where N ≤ N is the number of fixed-size sample sites (one in each fragment that is large enough to fit the fixed-size sample site) and f I (p i , p i ) denotes the similarity of sites i and i according to index I. We examined two similarity indices: the generalised Jaccard index
and the Euclidean distance
Results
We set out to test how fragmentation influences species richness under different conditions. We considered three scales of dispersal (from short δ = 1, to intermediate δ = 3 and long-range δ = 10), two modes of dispersal (passive and active), and two matrix types (habitable and hostile). For the sake of simplicity, we excluded the scenario with active dispersal and hostile matrix, as any individual moving outside the habitat fragment would immediately die in a hostile matrix, thus limiting the potential benefit of active dispersal under fragmentation. In total we obtained 9 different types of species communities, each of which was simulated in total of 4800 replicate landsacpes (i.e. with different fragmentation patterns).
The SLOSS analysis
In order to disentangle the effect of habitat loss and fragmentation, Fahrig (2013) suggested conducting SLOSS analyses. As discussed, for the SLOSS curves, the fragments are sorted in both increasing and decreasing order of area, and then the cumulative number of species is plotted against the cumulative habitat amount. As this needs to be done for each landscape separately, this yields thousands of plots for each of the nine community scenarios which we have considered. The result of all these analyses is summarised in Figure 3 . We can see that when the dispersal distances are short or intermediate, fragmentation shows both positive and negative effects. This depends on the total amount of habitat available: at low habitat cover, fragmentation is detrimental, whereas fragmentation in landscapes with high habitat cover has a positive effect.
Testing the sample size effect
For testing the sample size effect, Fahrig (2013) suggested examining the number of species in fixed-size sample sites, as a function of the area of in the local landscape. Figure 4 shows the average number of species in fixed-size sampling sites as a function of the total landscape cover.
Given the same amount of total habitat, in all cases the sample sites contained more species when the surrounding landscape was divided into fewer fragments. In order to be consistent with the habitat amount hypothesis, the different lines should be indistinguishable, as only the total amount of habitat should matter. However, it can be seen that the total of number fragments in the landscape, and thus the landscape structure, clearly influences the number of species at fixed-size sample sites.
When looking at the average number of species in fixed-size sample sites over all landscapes (black dashed line in Figure 4 ), the line representing the relationship is almost horizontal when the total habitat amount is low or the dispersal scale is short. This indicates that the average species richness is little influenced by the total habitat cover. However, when the total amount of habitat is large, there is a strong positive relationship with the number of species and habitat cover. Thus, when the habitat cover is low and dispersal distances short, the results are inconsistent with the habitat amount hypothesis. However, if the dispersal distance is large and the habitat cover is high, the results become more consistent with the habitat amount hypothesis.
Species-area relationships
Whereas the SLOSS curves only account for species observed within habitat fragments, the SFAR curves ( Figure 5) show the species diversity in the entire focal landscape (i.e. how many species were present in the landscape). Note that even if there is a single resource-satiated individual in the landscape, then the species is counted to be present (no matter how unlikely sampling it might be).
The species-area relationship exhibits different patterns depending on whether the matrix is habitable or hostile for the focal species. If the matrix is hostile, that is, the individuals cannot move and survive the matrix, then the SAR plots show higher levels of fragmentation being detrimental for species diversity. In contrast, if the matrix is habitable, that is, individuals can move and survive in the matrix (but the resources still have to be obtained from habitat fragments), the SAR suggests that species richness only depends only on the total amount of habitat in the landscape.
Community composition
Recall that β-diversity measures the species turnover, that is, variability of species composition across different communities. Figure 6 shows how the average similarity in community composition behaves under the different scenarios. We see that habitat loss increases dissimilarity and increasing dispersal distance decreases dissimilarity. Moreover, we see that the average dissimilarity slightly increases with increasing fragmentation (i.e. number of fragments in the landscape). Thus, given the same amount of total habitat, β-diversity increases with increasing dispersal distance and level Here, the habitat fragments have been sorted in increasing (from smallest patch to largest, orange) and decreasing (largest patch to the smallest, blue) order. The horizontal axis indicates the cumulative habitat cover and the vertical axis the cumulative number of species averaged over all replicates. When the orange line is above the blue line, fragmentation has a positive effect on species richness (top box), whereas when the blue line is above the orange line, fragmentation has a negative effect on species richness (bottom box). If both lines overlap (middle box), then fragmentation per se has no effect (as predicted by the habitat amount hypothesis). (b) For each value of δ and dispersal mode, there is a coloured grid that summarises the SLOSS analysis for 5 × 8 landscape scenarios. In each grid, the vertical axis gives the total number of fragments in the landscape and the horizontal axis the total habitat cover. The colour of the cell indicates the area of the integral between the orange and blue lines. Blue indicates positive effect of fragmentation (orange line above blue line, top box) and red indicates negative effect (blue above orange line, bottom box). Thus, stronger the colour, more pronounced the effect of fragmentation. The example plots in (a) are given by the highlighted rectangles in the third grid of the top row (δ = 1 with active dispersal). of fragmentation. This is expected, as stochastic events and competitive exclusion will drive some species out locally. The same observations hold also when using larger sample sites with radius τ = 2 (but we see greater variance in similarity, see Figure 8 ), and when using the Euclidean distance as a similarity measure (Figure 9, Figure 10 ).
Summary of results
We have examined how species richness and diversity is influenced by habitat loss and fragmentation in different competitive species communities; essentially, we have measured
• local species richness at sample sites (α-diversity),
• species turnover across different sample sites (β-diversity), and • total species diversity in a landscape (γ-diversity).
In summary, we observe that with increasing fragmentation the situation differs whether the total amount of habitat is high or low. With high amount of total habitat, fragmentation
• can show positive effects in the SLOSS analysis, especially when dispersal distances are short, Figure 6 : The average Jaccard similarity in community composition on fixed-size sample sites of radius τ = 1. The x-axis gives the logarithm of the total habitat cover in a landscape, and the y-axis gives the average similarity of sample sites (averaged over all landscape replicates). Higher similarity values on y-axis indicate that the species composition is on average more similar in landscapes with given habitat cover.
• slightly reduces species richness at fixed-size sample sites (α-diversity),
• can slightly increase species turnover (β-diversity),
• has little effect at landscape level, that is, species richness is mostly unaffected (γ-diversity).
That is, fragmentation per se has either no significant negative effect or some positive effects given that the total amount of habitat remains high in the landscape. Conversely, if the total amount of habitat is low, then fragmentation
• consistently yields negative effects according to the SLOSS analysis,
• reduces species richness at fixed-size sample sites (α-diversity),
• greatly reduces species richness at the landscape level if the matrix is hostile, but can slightly increase species richness if the species can survive in the matrix (γ-diversity),
That is, fragmentation per se (dividing the same amount of total habitat into smaller pieces) has a negative effect on species richness if the total amount of habitat is low, but in terms of community composition, increased fragmentation can slightly increase β-diversity.
Discussion
The question of how landscape structure and fragmentation per se affect species richness has been long debated. The habitat amount hypothesis posits that fragmentation per se does not have a strong effect, but it is only the total amount of habitat in a local landscape that matters (Fahrig, 2013) , and a metanalysis of empirical fragmentation studies shows that fragmentation can have negative and positive effects on species richness (Fahrig, 2017) . However, the habitat amount hypothesis has been criticised for lacking a mechanistic explanation (Hanski, 2015) . In this work, we examined when does the habitat amount hypothesis hold following the tests outlined by Fahrig (2013) using a mechanistic individual-based metacommunity model of habitat specialists. Our results suggest that, given the same total amount of habitat, fragmentation per se can show both negative and positive effects on species richness in competitive metacommunities. If the total amount of habitat is small, then fragmentation per se negatively affects species richness. On the other hand, if the total amount of habitat is sufficiently large, then fragmentation can show a positive effect on species richness of competing habitat specialists (e.g. Figure 3 ). However, in various intermediate scenarios fragmentation exhibits little effect, which suggests that the habitat amount hypothesis may be a reasonable approximation in some circumstances. Overall, different analyses on the same data can seemingly exhibit different responses to fragmentation (Figures 3-5 ). This highlights that caution is needed when analysing the effects of fragmentation and may be one reason as to why fragmentation has been reported to have so varying effects on species richness (With, 2016; Fahrig, 2017; Arnillas et al., 2017; Haddad et al., 2017; De Camargo et al., 2018) .
In general, our results are inconsistent with the habitat amount hypothesis -at least when the total amount of habitat is small -which suggests that either (1) the habitat amount hypothesis does not hold in all situations, (2) the hypothesis needs to be refined, or (3) our model lacks some critical features. Of course, all models are simplifications of reality and omit various details. Indeed, prior models have been critisised, e.g., De Camargo et al. (2018) suggest that "model of area-dependent, stochastic patch occupancy and extinction" by "fails to capture some critical aspect of habitat loss", and hence, exhibit adverse effects of fragmentation. Nevertheless, in this work we have used a model with fundamentally different structural assumptions and yet still obtain the same qualitative results, and our results are consistent with prior theory and modelling work (Tilman et al., 1997; .
In any case, whether or not our model captures all key aspects governing species dynamics under fragmentation, mathematical models can still help shed light on which mechanisms drive the community patterns emerging in fragmented landscapes. Thus, even if the habitat amount hypothesis is true, the underlying mechanisms are poorly understood. Our work suggests that the hypothesis should rely on some mechanisms not accounted in our or any of the prior models, e.g. fast eco-evolutionary responses (Legrand et al., 2017) . Furthermore, not all species are equally sensitive to habitat fragmentation and how different species tolerate the matrix varies (Gascon et al., 1999) . In this work, we have restricted our attention to competitive habitat specialists, and thus, areas inflicted with habitat loss cannot sustain any species (unless near habitat). In particular, we do not consider habitat conversion, where one type of habitat is converted to another, which may still be suitable to some existing species or new species that can replace the original species in the species pool.
Beyond examining the effects of fragmentation effects on species richness, we believe that our modelling framework lends itself to be a useful tool for spatially-explicit investigations of various other species interactions in metacommunities. So far, our work only considers communities of competing habitat specialists, and thus, it could be extended to other community structures and dynamics, such as predator-prey dynamics, competition-colonization tradeoffs, mutualist species, or successive metacommunities. Such extensions may reveal how responses to fragmentation depend on the specific of metacommunity dynamics. Indeed, Wilson et al. (2016) point out that "other measures of community structure, such as community composition, trophic organization, species persistence, and species residency, may better inform how fragmentation affects biotic communities, even when species richness per se is not altered by fragmentation".
A Meanfield approximation of species dynamics
Let us examine the single-species dynamics in a non-spatial setting. If we assume that the system is well-mixed and let the length scale → ∞ for each kernel, then the deterministic meanfield model can be written as
where the capital letter X denotes the integral r(X ) of the kernel X , α is non-negative and all other parameters are positive. The two non-trivial equilibria arê
where we abbreviate
Since we have a, b, c > 0 and d ≥ 0, this yields that ξ is real, as
Therefore, a unique positive equilibriumŜ > 0 of satiated individuals exists when
If the third term has a negative sign, the condition cannot be satisfied. However, if the third term has a positive sign, then the condition is always satisfied if all parameters a, b, c, d > 0 are positive. In the case that α = 0, that is, there is no immigration of individuals from outside the focal landscape, we have d = 0 and a positive equilibrium exists only if a > bc holds. Rewriting this condition gives
where the left-hand side corresponds to the resource density of the habitat in the absence of the species. Thus, without outside immigration, the species cannot persist if the total amount and/or quality of habitat is not sufficiently high. In other words, we obtain an extinction threshold for the deterministic, non-spatial single-species model in the absence of outside immigration.
B Supplementary material B.1 Online material
Further supplementary material is available online * . The online supplementary material contains
• Source code to the simulator and the analysis scripts, and • additional animations of the scenarios illustrated in Figure 2 .
B.2 Additional illustrations
Below we have included the following supplementary illustrations:
• Figure 7 shows the analysis of Figure 4 for the case τ = 2,
• Figure 8 shows the analysis of Figure 6 for the case τ = 2, and • Figure 9 and Figure 10 show the community composition analysis ( Figure 6) using Euclidean distance as a similarity metric for τ = 1 and τ = 2, respectively. * https://bitbucket.org/jrybicki/habitat-fragmentation Figure 7 : The average number of species in fixed-size sample sites of radius τ = 2 centered in each fragment with at least radius τ (see Figure 4 for the case τ = 1). In each plot, the horizontal axis indicates the average habitat cover of the landscape and vertical axis the average number of species in a fixed-size sample site (data points with less than five replicates were omitted). Each coloured line shows data from landscapes with a different numbers of fragments with the exception of the black dotted line which shows the average over all landscapes. The different rows show community scenarios with increasing dispersal range from top to bottom, whereas the columns represent different dispersal/matrix scenarios. Figure 6 for the case τ = 1). The x-axis gives the logarithm of the total habitat cover in a landscape, and the y-axis gives the average similarity of sample sites (averaged over all landscape replicates). Higher similarity values on y-axis indicate that the species composition is on average more similar in landscapes with given habitat cover. Figure 9 : The average log Euclidean distance in community composition on fixed-size sample sites of radius τ = 1. The x-axis gives the logarithm of the total habitat cover in a landscape, and the y-axis gives the logarithm of the average Euclidean distance of the vectors describing the community composition at sample sites (averaged over all replicates). Lower values on the y-axis indicate that the species composition is on average more similar in landscapes with given habitat cover. Figure 10 : The average log Euclidean distance in community composition on fixed-size sample sites of radius τ = 2. The x-axis gives the logarithm of the total habitat cover in a landscape, and the y-axis gives the logarithm of the average Euclidean distance of the vectors describing the community composition at sample sites (averaged over all replicates). Lower values on the y-axis indicate that the species composition is on average more similar in landscapes with given habitat cover.
